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A microbore electrospray (ESI) injection system has been adapted to our 9.4-tesla ESI FT-ICR
mass spectrometer, greatly enhancing the stability and sensitivity of the system. Spray was
generated from micro-ESI needles made from sharply tapered, polished fused silica capillaries
of 25 to 50 mm inner diameter. Micro-ESI permits low-level sample analysis by constant
infusion at sub-mL/min flow rate over a wide range of solvent conditions in both positive- and
negative-ion mode. The system is flexible and allows rapid conversion to allow routine LC/MS
analysis on low-level mixtures presented in biological media. LC/MS analyses were accom-
plished by replacing micro-ESI needles with capillaries packed with reverse phase retention
media to permit analyte concentration and purification prior to analysis (micro-ESI/LC). A
unique nano-flow LC pumping system was developed, capable of producing a true unsplit
solvent gradient at flow rates below 1 mL/min. The micro-ESI/LC FT-ICR system produces
mass spectra from a mixture of three neuroactive peptides at a concentration of 500 amol/mL
(5 fmol each total loaded) in biological salts with baseline separation, signal-to-noise ratio of
.10:1 and mass resolving power .5000. These results represent a reduction in detection limit
by a factor of ;2 3 106 over the best previously published LC/FT-ICR MS data. (J Am Soc
Mass Spectrom 1998, 9, 333–340) © 1998 American Society for Mass Spectrometry
The rapidly increasing popularity of electrosprayionization (ESI) for mass spectrometry is due toits continuous flow operation, wide solvent tol-
erance, and its formation of multiply charged ions
which greatly extend the detectable mass range. ESI is
an effective ionization source for interfacing chromato-
graphic techniques such as liquid chromatography (LC)
and capillary zonal electrophoresis (CZE) to the mass
analyzer. Ion formation during the electrospray process
results from a combination of heat and decreasing
pressure as the ion droplet is transported toward the
mass analyzer. Although the actual process of ion
formation is still actively debated [1–4], the ultimate
result is that the ions are desolvated and analyte mole-
cules are ionized and detected. However, ESI does not
function well at high salt concentration, so that samples
must typically be carefully desalted prior to mass
analysis. Finally, because ESI is an atmospheric-pres-
sure ion source, electrosprayed ions must be transmit-
ted through successively pumped chambers to lower
the pressure to establish stable ion trajectories for
subsequent ion detection. The high gas load associated
with ESI is especially critical for its interface to a UHV
analyzer such as FT-ICR MS (typically ,1028 torr for
high-resolution mass analysis).
Reduction of ESI gas load offers several potential
benefits in ion formation and subsequent mass analysis:
more efficient desolvation of analyte ions, decreased
charge competition (analyte versus solvent and solvent
impurities), and lower mass analyzer pressure, result-
ing in more efficient analyte ionization, with corre-
spondingly increased sensitivity. One way to decrease
the high gas load of ESI is to use a micro-electrospray
source [5]. Micro-ESI was originally developed for ESI
operation at nL/min flow rates to permit coupling of
nano-LC [6, 7] to an ESI interface. Micro-ESI makes use
of a microbore fused silica capillary as the “needle” or
“emitter” from which the charged droplets originate.
The high voltage connection is made through the sol-
vent and the solvent propagates at sub-mL/min flow
rates. Making the high-voltage connection through the
sample solvent eliminates the need to coat the micro-
ESI needles with a conductive coating, thus making the
emitters easy to construct and durable. The name mi-
croelectrospray refers to the microbore size (i.d.) of the
ESI needle and has nothing to do with the flow rates at
which the device is operated or the size of the charged
droplets that are formed.
The ultimate achieved goal was to use nano-LC for
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biological sample concentration and clean-up prior to
mass analysis of neuropeptides at biologically realistic
levels [8]. Typical microbore LC columns did not allow
analysis of samples at attomolar concentration due to
their large bed volume and high flow rate. Thus,
nano-LC was adapted to ESI by reducing the i.d. of the
spray needle to allow a stable spray to be formed at
sub-mL/min flow rates. The next step in the evolution
of nano-LC and micro-ESI was packing the micro-ESI
needle with trapping medium, thus eliminating post-
column dead volume and further increasing sensitivity
[5]. The mating of these two techniques is now referred
to as micro-ESI/LC.
Other advantages of micro-ESI include: (a) reduced
size of the Taylor cone [9] produced by micro-ESI,
allowing the needle to be placed much closer to the
orifice of the mass analyzer with little or no electrical
discharge, resulting in a much greater sampling effi-
ciency, (b) production of much smaller charged drop-
lets to aid in sample desolvation, and (c) lower flow
rates of micro-ESI for greatly reduced solvent delivery
and thus reduced gas load presented to the analyzer.
The net result is an increase in sensitivity for micro-ESI
over conventional ESI. Micro-ESI has previously dem-
onstrated sensitivity in the zeptomole range when op-
timized for a quadrupole mass analyzer [10]. Further
miniaturization of micro-ESI by other groups has re-
sulted in nanospray [11] and picospray [12] sources
which further reduce solvent flow and make these
interfaces well suited for very small sample volume and
nonsheath CZE interfaces [13, 14].
Here, the goal was not to optimize micro-ESI, but
rather to interface micro-ESI to an FT-ICR mass spec-
trometer for subsequent analysis of biological samples.
FT-ICR MS combined with ESI [15, 16] has been shown
to yield high mass resolution, high mass range, and
coverage of a wide mass range in each acquisition
without loss of sensitivity. Interfacing LC to FT-ICR has
been a challenge due to the difficulty of efficiently
trapping ions and rapidly detecting them in a Penning
(ICR) ion trap. The typical approach has been to trap
externally produced ions, by pulsing gas into the Pen-
ning trap to translationally cool the ions for improved
spatial coherence and trapping efficiency. However, the
subsequent need to remove the gas (to achieve high-
resolution detection) introduces a long delay between
trapping and analysis events, resulting in a long duty
cycle incompatible with LC elution profiles. Recently,
we have shown that ions can be cooled in an external
octupole prior to injection into the Penning trap [17],
thereby eliminating the need for pulsed gas introduc-
tion and pump-out, and providing a faster duty cycle to
enable LC analysis and low-concentration direct infu-
sion experiments. Here, we describe the combination of
external ion accumulation with novel micro-ESI tech-
niques, for vastly improved FT-ICR MS sensitivity for
both constant infusion and LC (isocratic or gradient)
separations at sub-mL/min flow rate.
Experimental
Our electrospray ionization (ESI) FT-ICR mass spec-
trometer incorporates a passively shielded 9.4-tesla
horizontal bore (220 mm diameter) superconducting
magnet (Oxford Instruments, Oxford, UK). All time-
dependent aspects of the experiment were controlled by
an Odyssey data station (Finningan Corp., Madison,
WI). Ions generated in the ESI source (see below) were
transferred to the Penning trap through two indepen-
dently controlled rf-only octupole ion guides, 67 and
200 cm in length [16]. Ions were first collected and
collisionally cooled in a potential well produced in the
first octupole by lowering the dc potential of the octu-
pole rods relative to the front end cap electrode and the
conductance limit (serving as the rear end cap elec-
trode) between the first and second octupoles. Ions
were then gated to the Penning trap by grounding the
voltage on the conductance limit and raising the dc
potential on the first octupole rods. This ion trapping
procedure is described in detail elsewhere [17]. Imme-
diately following injection the ions were subjected to
chirp excitation (50 to 360 kHz at 170 Hz/ms) and
direct-mode broadband detection (512-Kword data
points and 250-kHz bandwidth). For LC runs time-
resolved data acquisition was used with parameters
similar to those for direct infusion except that fewer
time-domain data points were collected (64 Kword for
the peptide mixture and 128 Kword for the TGFa), in
order to maximize chromatographic resolution by lim-
iting the time required for data transfer.
For ion fragmentation experiments, ions within a
mass-to-charge ratio range were isolated by stored-
waveform inverse Fourier transform (SWIFT) radial
dipolar ejection [18, 19]. Infrared multiphoton dissocia-
tion (IRMPD [20, 21]) of the isolated ions was produced
by directing an infrared laser beam from an external (to
the magnet) 40-W continuous-wave CO2 laser (Model
E48-2-115, Synrad, Bothell, WA) through a barium
fluoride window along the central axis of an open
cylindrical Penning trap [22].
The homebuilt ESI source is a Chait-style unit [16, 23]
consisting of a heated metal capillary and a 1-mm
skimmer into which the end-cap of the first octupole is
inserted. The source was easily converted to accept the
microelectrospray generated by a specially constructed
fused silica microbore capillary (SGE, Austin, TX). For
constant infusion, a 25-mm-i.d. capillary was physically
ground to a truncated conical point to yield a durable
tip (see Figure 1). Tips were ground after first removing
a small portion of the polyimide coating with a micro-
torch. Grinding was accomplished by abrading the tip
on a spinning 9-mm diamond abrasive (;3600 rpm)
while simultaneously spinning the capillary itself
(;20,000 rpm) to obtain a uniform bevel from the o.d. to
the i.d. The tip was then finish-polished with 0.5-mm
diamond abrasive.
For micro-ESI/LC separations, two types of reverse
phase trapping devices were constructed. Either a 50-
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mm-i.d. fused silica capillary was fritted and packed
with reverse phase resin as previously described [5] or
a 3M Empore™, reverse phase filter (Varian, Harbor
City, CA) was sandwiched between two short lengths
of 25-mm-i.d. fused silica capillaries in a manner similar
to that of the capillary zone electrophoresis preconcen-
tration device described by Tomlinson et al. [24]. In the
Empore filter experiments, the end of the 25-mm fused
silica spray tip was beveled to a truncated conical point
as described above.
For all experiments, the high voltage connection was
made through the solvent by means of a stainless steel
union with either a 0.02 or 0.01 in. through-hole. The
length of the capillary needle from the point of the high
voltage connection to the orifice where the spray orig-
inated was kept as short as possible (,3 cm) to mini-
mize electrical resistance and dead volume. Typical
flow rate for constant infusion varied from 50 to 750
nL/min.
Loading and elution flow rates for micro-ESI/LC
varied from 200 to 500 nL/min. Each sample was
loaded by means of loop injection (10-mL sample) and
each sample was dissolved in biologically representa-
tive salt buffer (artificial cerebrospinal fluid [aCSF],
5-mM KCl, 120-mM NaCl, 1.2-mM MgCl2, 1.8-mM
CaCl2, 0.15% phosphate buffered saline, pH 7.4). After
sample loading, salt ions were removed by washing
with 2% methanol, 0.25% acetic acid. Samples were
eluted either isocratically with 50% methanol, 0.25%
acetic acid, or by a solvent gradient from 2 to 70%
methanol, 0.25% acetic acid. True gradient profiles were
generated at 500 nL/min over a 5-min period by a
homebuilt solvent delivery system designed for nano-
LC. The pumping system consisted of two modified
WPI 200 syringe pumps (World Precision Instruments,
Sarasota, FL) controlled by a laptop computer by means
of an RS-232 interface. Control software was written in
LabWindows CVI (National Instruments, Austin, TX).
Solvent from each syringe pump flowed through a P786
(75 lb/in.2) back-pressure regulator (Upchurch, Oak
Harbor, WA) and solvent mixing was accomplished
with a C-18 resin-packed low dead volume static mixer.
All connections were made with 50-mm-i.d. fused silica
capillary segments of minimal length to reduce delay
for the gradient to reach the column.
All solvents were HPLC grade or better. Peptides
and chemicals were purchased from Sigma Chemical,
Co., St. Louis, MO with the exception of TGFa, which
was purchased from Accurate Antibodies in Westbury,
NY.
Results and Discussion
Constant Infusion
Direct or constant infusion of sample to the mass
analyzer is one of the most common ESI/MS analyses.
Micro-ESI introduction is a good match for FT-ICR MS
due to its low flow rate and high sensitivity. Variations
on the micro-ESI concept are numerous: e.g., variation
in tip size, etching, coatings, etc. Our new ground silica
tip design (Figure 1) stabilizes the spray, provides a
robust signal, permits a wide variety of solvents to be
sprayed, and is extremely durable. The single 25-mm-
i.d. tip shown in Figure 1 provided all of the constant
infusion data presented in this article. Further evidence
of its reliability and durability is that several different
investigators (as visitors to the NSF National High-Field
FT-ICR MS Facility) have reliably run hundreds of
samples with the same tip over a period of several
months. In contrast to fragile etched or pulled tips
[25–27], this tip continues to produce high sensitivity
analyses in both positive and negative ion mode (see
below).
The ground silica tip is not really a new form of
micro-ESI; rather, it provides a more durable and reli-
able format. We were led to this approach when we
discovered that a stable spray could be quickly estab-
lished and maintained even when the solvent was pure
distilled water. By grinding the tip to a sharp edge, we
were able to decrease the cross-sectional surface area so
that a droplet could not cling, then grow and be flung
off as a droplet (“spitting”). Moreover, the durability of
these tips is exceptional (compared to a pulled or HF
Figure 1. Photograph of the ground 25-mm-i.d. micro-ESI needle used for all constant-infusion
experiments.
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etched tip), and plugging has not been a factor with the
25-mm-i.d. orifice. Smaller i.d. tips have been con-
structed and the orifices have been constricted down to
less than a 5-mm opening. However, these “nanospray
tips” (orifice of 5 mm i.d. or less) have yet to provide
significant benefits to offset the trouble and lost time
generated by plugging and breakage. An additional
major difference between microspray and nanospray is
that microspray uses a pumping system to establish
sample flow, whereas the nanospray flow rate depends
on the potential placed on the tip. Microelectrospray
has a definitive advantage over nanospray if samples
must be preconcentrated, desalted, and/or separated
by column chromatographic methods. Sample may be
loaded and a gradient solvent flow established over the
chromatographic resin packed into the microspray
emitter. The low flow rate of the nanospray emitter is
much better suited for other potential flow chromato-
graphic techniques such as capillary electrophoresis or
capillary electrochromatography.
Figure 2 (upper panel) shows an ESI FT-ICR mass
spectrum of [M1H]1 quasimolecular ions (m/z 574.2)
of methionine enkephalin from constant infusion (200
nL/min of 10 fmol/mL, 330 amol consumed, dissolved
in 50% methanol, 0.25% acetic acid). The spectrum
represents one scan from a 10-s accumulation in the first
octupole region prior to release of ions to the Penning
trap. Figure 2 (lower panel) demonstrates the sensitivity
of the same system in the negative ion mode. The
spectrum depicts the [M–H]2 quasimolecular ions (m/z
1141.2) of cholecystokinin sulfate (CCK8-S), directly
infused at 750 nL/min (10 fmol/mL, 1.25 fmol con-
sumed, dissolved in 50% isopropanol, 40-mM ammo-
nium acetate. Data was acquired in the absence of any
scavenging gas. The spectrum represents one scan from
a 10 s prior accumulation in the first octupole region.
The performance of the micro-ESI in the negative ion
mode is exceptional and negates the need for scavenger
gas, thereby greatly simplifing negative ion mass anal-
ysis and eliminating any dangers associated with use of
scavenger gas. Our experience supports Kebarle’s prop-
osition [4] that the arcing observed in negative ion
mode ESI is due to the electrons jumping from the
metal-coated needle. Because our needle is made of
bare fused silica and we make our high-voltage connec-
tion through the analyte solvent, we do not have an
arcing problem. In fact, to achieve the greatest sensitiv-
ity, we can insert the bevelled micro-ESI capillary
slightly inside the heated metal capillary in the electro-
spray source with no arcing. A major benefit of this
configuration is that changeover from positive to negative
ion mode simply requires the reversal of the electrospray
source voltages. Negative ion mode is extremely impor-
tant for the analysis of certain biological samples. Fig-
ure 2 demonstrates the performance of the micro-ESI
FT-ICR in the negative ion mode with low level analysis
of the biologically active neuropeptide, cholecystoki-
nin-8 sulfate.
A major strength of FT-ICR MS is its ability to derive
specific molecular mass by MSn analysis at high mass
resolving power. Figure 3 shows FT-ICR mass spectra
resulting from infrared multiphoton dissociation
(IRMPD) of each of two peptides at low concentration,
achieved by SWIFT isolation of ions of the mass-to-
charge ratio of interest, followed by irradiation of
trapped ions with a continuous-wave CO2 laser. Figure
3 (upper panel) demonstrates the fragmentation of
human luteinizing hormone releasing hormone (hL-
Figure 2. Top: positive-ion ESI FT-ICR mass spectrum from direct infusion (200 nL/min) of
methionine enkephalin at 10 fmol/mL in 50% methanol, 0.25% acetic acid. Bottom: negative-ion ESI
FT-ICR mass spectrum from direct infusion (750 nL/min) of cholecystokinin sulfate at 10 fmol/mL in
50% isopropanol, 40-mM ammonium acetate.
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HRH) at 10 fmol/mL, infused at 100 nL/min. Figure 3
(lower panel) depicts the fragmentation of leucine en-
kephalin at 1 fmol/mL, infused at 200 nL/min. Each
peptide was dissolved in 50% methanol, 0.25% acetic
acid. The mass spectrum in Figure 3 (upper panel)
represents the sum of 10 scans with 30 s accumulation
in the first octupole region prior to release of ions to the
Penning trap. The IRMPD fragmentation of hLHRH
produced six prominent peaks, easily identified as B8,
B7, B6, B5, B3, and Y5 fragments, from a total of 5 fmol of
sample. Leucine enkephalin (Figure 3, lower panel) may
be identified by SWIFT isolation of the [M1H]1 quasi-
molecular ions followed by IRMPD generation of the A4
(m/z 397.2) and the B4 (m/z 425.2) fragments. That
structural confirmation was performed by initial trap-
ping and isolation of approximately 330 amol of sample
by constant infusion (1 fmol/mL at 200 nL/min, sum of
10 scans with 10 s accumulation in the first octupole).
Micro-ESI/LC
Figure 4 shows the elution of a total of 500 fmol of
human transforming growth factor alpha (TGFa) from a
50-mm-i.d. micro-ESI needle packed with a 40-nL bed
volume of C18 resin. The sample was dissolved in aCSF
at a concentration of 50 fmol/mL and loaded onto the
column in a 10-mL volume. Biological salts were
washed from the column with 2% methanol, 0.25%
acetic acid. The TGFa was eluted from the column at a
flow rate of 500 nL/min with 50% methanol, 0.25%
acetic acid.
Micro-ESI/LC may never be a trivial task, due to the
need for nanoliter/min flow rate and the high back
pressure generated after a sample is injected onto the
packed capillary, but its introduction to FT-ICR MS
(Figure 4) results in a major increase in sensitivity (see
below). We have addressed the pressure issue by use of
a 3M Empore C18 filter membrane, because that mem-
brane operates at a very low back pressure. Figure 5
shows ESI FT-ICR mass spectra resulting from the
elution of a total of 10 fmol of hLHRH from a C18
coated filter membrane. The hLHRH was dissolved in
aCSF at a concentration of 1 fmol/mL and loaded onto
the membrane in a 10-mL volume. Biological salts were
washed from the membrane with 2% methanol, 0.25%
acetic acid. The hLHRH was eluted from the column at
a flow rate of 200 nL/min with 50% methanol, 0.25%
acetic acid.
The next step in the use of the packed columns is to
extend to a gradient elution. Although isocratic elution
(Figures 4 and 5) is acceptable for preconcentration and
sample clean-up, good chromatographic separation is
needed when many analytes are present at different
levels. Figure 6 shows the performance of a C18 packed
micro-ESI needle when coupled to a true solvent gradi-
ent elution. A mixture of three neuroactive peptides in
aCSF (10 mL) was loaded onto a packed micro-ESI
needle (40-nL bed volume of C18). Each peptide was
present at a concentration of 500 amol/mL (i.e., a total of
5 fmol of each peptide was loaded). A 5-min solvent
gradient, progressing from 2%–70% methanol, 0.25%
Figure 3. Infrared multiphoton dissociation (IRMPD) fragmentation direct infusion ESI FT-ICR
positive-ion mass spectra. Top: hLHRH at 10 fmol/mL in 50% methanol, 0.25% acetic acid, infused at
100 nL/min. Bottom: leucine enkephalin at 1 fmol/mL in 50% methanol, 0.25% acetic acid, infused at
200 nL/min.
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acetic acid at 500 nL/min served to desorb the peptides
from the packed micro-ESI needle. The reconstructed
ion chromatogram shows baseline separation of arg8-
vasotocin [M12H]21, methionine enkephalin [M1H]1
and b-casomorphin [M1H]1. The spectra show a sig-
nal-to-noise ratio of ;10:1.
Figure 4. Elution of a total of 500 fmol transforming growth factor alpha (50 fmol/mL in artificial
cerebrospinal fluid) from a C18 packed micro-ESI capillary. The sample was loaded (10 mL) onto the
column and washed with 2% methanol, 0.25% acetic acid. Sample was eluted at 500 nL/min with 50%
methanol, 0.25% acetic acid. Top: selected ion chromatogram of [M15H]15. Bottom: FT-ICR mass
spectrum from the peak maximum of the selected-ion chromatogram of [M15H]15.
Figure 5. Elution of a total of 10 fmol of human luteinizing hormone releasing hormone (hLHRH) (1
fmol/mL in artificial cerebrospinal fluid) from a 3M Empore C18 filter membrane. The sample was
loaded (10 mL) onto the column and washed with 2% methanol, 0.25% acetic acid. Sample was eluted
with 50% methanol, 0.25% acetic acid at 200 nL/min. Top: selected-ion chromatogram of [M12H]12.
Bottom: FT-ICR mass spectrum from the peak maximum of the selected-ion chromatogram of
[M12H]12.
338 EMMETT ET AL. J Am Soc Mass Spectrom 1998, 9, 333–340
Conclusions
Although the gradient nanoflow pumping system de-
scribed here is still in the development stage, its present
performance demonstrates very substantial enhance-
ment in separation and sensitivity. Specifically, the 5
fmol per component spectrum (Figure 6) represents a
2 3 106-fold increase in LC/FT-ICR sensitivity over
previously reported LC/ESI FT-ICR MS results [28]. In
addition, our results were produced from samples
dissolved in a biological matrix, not pure water—a
critical issue, because the presence of salts inhibits
ESI/MS analysis. By removing the salts prior to ESI/MS
analysis (with minimal concomitant loss of analyte), we
establish the applicability of this setup for analysis of
multicomponent biological mixtures at low concentra-
tion in media containing $100-mM biological salts.
It is uncertain if FT-ICR sensitivity can be increased
to match that previously reported for a nano-LC micro-
ESI with a quadrupole mass analyzer [10], because ion
beam detection reaches single-ion sensitivity, whereas
broadband FT-ICR MS detection typically requires at
least 150 ions [29]. Although the ultimate sensitivity
reported here does not reach the low attomole (total
loaded) range, our result for the analysis of a mixture in
biological salts is far superior to the performance of a
quadrupole analyzer, because FT-ICR MS collects data
over the entire mass range, whereas the quadrupole
analyzer must be scanned over a narrow mass range
(,50 m/z) and scans must be averaged over the apex
of the peak to achieve the previously reported sensitiv-
ity (thus, the scan for the compounds of interest must be
programmed prior to the experiment). It is thus difficult
to monitor several individual narrow mass-to-charge
ratio ranges for each peptide of interest in a mixture
with a quadrupole analyzer. Due to the narrow window
for elution of peptides from a nano-LC column, as well
as the limit on scan speed and time needed to switch
between scanning modes, it is unlikely that a quadru-
pole analyzer could match the 5 fmol sensitivity re-
ported here. Finally, quadrupole mass analysis cannot
match the mass resolution afforded by FT-ICR MS.
The mass resolving power shown on the peptides
during the chromatography is ;8000–11,000 for the
most abundant isotopic peak. We conservatively state
.5000 because at low signal-to-noise ratio (S/N ' 10:1
for the most abundant isotopic peak) the lower abun-
dance isotopic peaks tend to be a little broader. In fact,
it is quite common in FT-ICR MS that high mass
resolution is not achieved at such low S/N ratio.
Nevertheless, the combination of mass resolution, mass
range, and sensitivity demonstrated here is unmatched
in the LC/MS literature (quads included). We are data
point limited, because we purposely make the detection
event as short as possible (;70 ms) and the data set as
small as possible (64 Kwords) so that we can scan
quickly. For example, we collect a scan every 4 s by
accumulating in the octupole for 3 s, transferring,
exciting, and detecting in ;100 ms, and writing 64-
Kword data to disk in ;1 s. We could double the
resolving power by collecting twice as many data
points, but that would lengthen the time required to
collect a scan (140 ms for detection and ;2 s for data
transfer). Heterodyne detection is not desirable because
broad mass range is required in many applications. In
any case, the present conditions produce 5–10 times
higher mass resolving power than required for baseline
resolution of the peptides, so that there is no good
reason to increase the resolving power at the expense of
chromatographic resolution.
The sensitivities reported here for nano-LC micro-
ESI FT-ICR MS do not represent the ultimate sensitivity
of the instrumentation, but rather extend the method-
Figure 6. True gradient elution of 5 fmol each of an equimolar mixture of three peptides:
Arg8-vasotocin, methionine enkephalin, and b-casomorphin. Samples were dissolved in artificial
cerebrospinal fluid at 500 amol/mL each and loaded (10 mL) onto a C18 packed micro-ESI needle. The
reconstructed ion chromatogram is shown below, with ESI FT-ICR mass spectra of individual peptide
spectra shown as insets.
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ology for analyzing biological samples. Other highly
sensitive separation techniques such as capillary zone
electrophoresis (CZE) are unsuitable for the present
types of analysis. Although CZE coupled to FT-ICR MS
has generated impressive results [13, 14, 30], the sample
from which the CZE capillary was loaded in those
experiments was relatively highly concentrated (nM).
The starting concentrations for the work presented here
are picomolar and the concentrations of most biological
samples will be even lower. Moreover, CZE cannot
accommodate samples of high salt concentration,
thereby limiting its applicability for biological analysis.
The recent use of reverse phase filter membranes as
preconcentration and desalting devices on the head of
CZE capillaries shows promise for biological applica-
tions [24, 31]. However, the published data to date with
these devices has not shown sensitivities as low as those
presented here by nano-LC coupled to micro-ESI.
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